Abstract: Proteolipid protein 2 (PLP2) has been shown to be upregulated in several cancers, including breast cancer, hepatocellular carcinoma, osteosarcoma, and melanoma. PLP2 specifically binds to phosphatidylinositol 3 kinase to activate the protein kinase B pathway to enhance cell proliferation, adhesion, and invasion in melanoma cells. Therefore, we speculated that PLP2 exhibits oncogenic potential. However, the regulatory mechanisms of PLP2 in cancer cells remain unclear.
gulated in several cancers, including breast cancer, hepatocellular carcinoma, osteosarcoma, and melanoma. PLP2 specifically binds to phosphatidylinositol 3 kinase to activate the protein kinase B pathway to enhance cell proliferation, adhesion, and invasion in melanoma cells. Therefore, we speculated that PLP2 exhibits oncogenic potential. However, the regulatory mechanisms of PLP2 in cancer cells remain unclear.
Herein, we found that microRNA (miR)-664 expression was significantly downregulated in cutaneous malignant melanoma (CMM) cells and tissues compared with normal human melanocytes and benign melanocytic naevi. MiR-664 expression level was significantly correlated with patient survival. Ectopic expression of miR-664 reduced CMM cell proliferation and anchorage-independent growth, whereas the inhibition of miR-664 induced these effects. Furthermore, inhibition of miR-664 in CMM cells resulted in modulation of their entry into the G1/S transitional phase, which was caused by downregulation of the cyclin-dependent kinase inhibitor P21 and upregulation of the cell-cycle regulator cyclin D1. Moreover, we demonstrated that miR-664 downregulated PLP2 expression by directly targeting the PLP2 untranslated region.
Taken together, our results suggest that miR-664 may play an important role in suppressing proliferation of CMM cells and present a novel mechanism of miR-mediated direct suppression of PLP2 expression in cancer cells.
(Medicine 94(33):e1327)
Abbreviations: 3 0 UTR = untranslated region, AKT = protein kinase B, BMN = benign melanocytic naevi, BrdU = bromodeoxyuridine, CDK = cyclin-dependent kinase, CMM = cutaneous malignant melanoma, miR-664 = microRNA-664, MTT = 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide, NC = negative control, NHMs = normal human melanocytes, PI3K = phosphatidylinositol 3 kinase, PLP2 = proteolipid protein 2, PLP2 w/3 0 UTR = PLP2 with 3 0 UTR, PLP2 w/out 3 0 UTR = PLP2 without 3 0 UTR, 3 0 UTR = untranslated region.
INTRODUCTION
C utaneous malignant melanoma (CMM) is a highly aggressive skin cancer with rapidly increasing incidence worldwide; the 5-year survival of metastatic melanoma patients does not exceed 10% to 15%. [1] [2] [3] [4] [5] [6] [7] [8] As the curative effects of conventional treatments, including ionizing radiation, systemic chemotherapy, and immunotherapy, are quite limited for the advanced stages of melanoma, a wide surgical excision in the primary stages remains the main therapeutic option for the disease. [9] [10] [11] Rapid progression of melanoma tumors is a major obstacle; therefore, early effective diagnosis and curative therapeutic intervention would be of great clinical interest for melanoma therapy. 8, 9, 12 Recent discoveries in cell signaling led to the rapid development of targeted drugs and new therapeutic approaches for melanoma treatment, but the effects have been limited. 13, 14 Therefore, new indicators of prognosis and therapeutic targets are demanded.
Growing evidence indicates that an aberrant phosphatidylinositol 3 kinase (PI3K)/protein kinase B (AKT) pathway is frequently activated in melanomas. [15] [16] [17] [18] [19] [20] [21] Dai et al 22 demonstrated that activated AKT expression was significantly associated with the progression of melanoma and poorer patient survival. Stahl et al 17 reported that the loss or haploinsufficiency of the phosphatase and tensin homolog (PTEN) gene caused the deregulation of AKT in 43% to 60% of melanomas. 17 Activation of the PI3K/AKT pathway can downregulate the cyclindependent kinase (CDK) inhibitors p21 and p27, and stabilize the cell-cycle regulator cyclin D1/2, consequently leading to increased cell proliferation. [23] [24] [25] [26] [27] [28] [29] In the recent decades, a 4-transmembrane protein, proteolipid protein 2 (PLP2), has been reported to be upregulated in various cancers, such as breast cancer, hepatocellular carcinoma, and osteosarcoma. [30] [31] [32] Additionally, PLP2 was found to induce cell proliferation, adhesion, and invasion by specifically binding to PI3K to activate the AKT pathway in melanoma cells, but the knowledge of the PLP2 regulatory mechanism remains unclear. 33, 34 MicroRNAs (miRs) are a class of short (approximately 22 nucleotides) noncoding single-stranded ribonucleic acids that posttranscriptionally regulate gene expression by binding to the untranslated region (3 0 UTR) of a target messenger RNA (mRNA) molecule. 35, 36 Numerous recent studies have proved that miRs are involved in the initiation, development, and progression of melanoma. [37] [38] [39] [40] MiR-664 has been implicated in several cancers, including hepatocellular carcinoma, prolactinoma, and papillary thyroid carcinoma. [41] [42] [43] In the present work, we observed that miR-664 suppressed CMM by directly targeting the 3 0 UTR of PLP2 RNA, which consequently led to inhibition of the PI3K/AKT pathway and decreased proliferation. Therefore, our results suggest that downregulated expression of miR-664 plays an important role in the development and progression of CMM.
MATERIALS AND METHODS

Ethics Statement
This study was approved by the Institutional Review Board of Nanfang Hospital, Guangzhou, China. The 9 melanoma and 2 BMN tissues used in this study were obtained from patients who underwent radical operations at the Affiliated Hospital of Southern Medical University.
Cell Culture
Melanoma cell lines, including A375.S2, A7, MeWo, RPMI-7951, SK-MEL-5, SK-MEL-24, and SK-MEL-28, were maintained in Dulbecco's modification of Eagle's medium Dulbecco medium (Invitrogen, Carlsbad, CA, USA, 12430054) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA, SH30370.03) and 1% penicillin/ streptomycin (Invitrogen, 15140163). In addition, the above culture conditions were used to culture the primary epidermal melanocyte (PEM) cell line (ATCC, American Type Culture Collection, USA PCS-200-013).
Plasmids and Transfection
The full-length sequence of the PLP2 3 0 UTR is 420 base pairs (bp) and contains 2 conserved miR-664-binding sites (REs), including RE #1 from 368 to 375 bp, and RE #2 from 400 to 407 bp. The human PLP2 3 0 UTR was amplified by polymerase chain reaction (PCR) from A375 cells and cloned into the XbaI sites of the pGL3-control luciferase reporter plasmid (Promega, Madison, WI, USA, E1741) and the pGFP-C3 plasmid (Clontech, Mountain View CA, USA, 632370). The primers selected are as follows: Homo-pGL3-PLP2-3 0 UTR-F-XbaI:
The miR-664 mimics, negative control (NC), and anti-miR-664 inhibitor were purchased from RiboBio Co., Ltd, Guangzhou, GD, CN Transfection of the miR and miR inhibitor was performed using the Lipofectamine 2000 reagent (Invitrogen, 11668019) according to the manufacturer's instructions.
Western Blot
Cells were lysed in sample buffer [62.5 mmol/L Tris-HCl pH 6.8, 10% glycerol, 2% sodium dodecyl sulfate (SDS)] and boiled for 5 minutes. Equal amounts of lysate (50 mg total protein) were electrophoretically separated on 10% SDS/polyacrylamide gels and transferred onto nitrocellulose filter membranes (PALL, Boston, MA, USA, 66485) followed by incubation with a 1:1000-diluted anti-PLP2 antibody (Abcam, ab180131), anti-AKT phosphorylation (p-AKT) (CST, Danvers, MA, USA, 13038), anti-AKT (CST, 4685), anti-p21 (CST, 2947), anti-cyclin D (CST, 2978), and anti-GFP antibodies (CST, 2956). Proteins were detected by incubation with horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin G (1:3000) and enhanced by chemiluminescence (Pierce, Rockford, IL, USA, 32106). The membranes were stripped and reprobed with an anti-b-actin mouse monoclonal antibody (1:1000; Boster, Wuhan, CN, BM0627), which was used as a loading control.
MiRNA Extraction and Real-Time Quantitative PCR
Total miRNA from cultured cells and fresh surgical melanoma cancer tissues was extracted using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA, AM1560) according to the manufacturer's instructions. The expression levels of miR-664 were quantified using miRNA-specific TaqMan MiRNA Assay Kits (Applied Biosystems, Foster, CA, USA, 4364031). Real-time PCR was performed using the Applied Biosystems 7500 Sequence Detection system. The expression of miRNA was defined based on the threshold cycle (Ct), wherein Ct represents the threshold cycle for each transcript. Relative expression levels were calculated as 2-(Ct of miR-664)-(Ct of U6) after normalization with reference to expression of U6 small nuclear RNA.
3-(4, 5-Dimethyl-2-Thiazolyl)-2, 5-Diphenyl-2H-Tetrazolium Bromide (MTT) Assay
Cells were stained with sterile MTT dye (0.5 mg/mL; Sigma, Saint Louis, MO, USA, 03285) for 4 hours at 378C at each indicated time point, followed by addition of dimethyl sulfoxide (Sigma, D2650). Absorbance was measured at 570 nm, with 655 nm as the reference wavelength. All experiments were performed in triplicates.
Anchorage-Independent Growth Ability Assay
Mix the cells (5 Â 10 2 ) and 2 mL complete medium along with 0.3% agar (Sigma, A1296) to an agar-cell mixture, seed this agar-cell mixture on the top of a bottom layer of 1% complete medium agar, and culture for 10 days. Viable colonies that contained >50 cells or were >0.1 mm were counted. Colony size was measured with an ocular micrometer. All experiments were performed in triplicates.
Colony Formation Assays
Cells were trypsinized and seeded on 6-well plates (500 cells per well) and cultured for 10 days. Colonies were fixed with formaldehyde (10%) for 5 minutes followed by staining with crystal violet (1.0%) for 30 seconds.
Bromodeoxyuridine Labeling and Immunofluorescence
Cells grown on coverslips (Fisher, Waltham, MA, USA, 12-545-87) were incubated with bromodeoxyuridine (BrdU) for 1 hour and stained with an anti-BrdU antibody (Abcam, ab1893) according to the manufacturer's instructions. Gray-level images were acquired under a laser-scanning microscope (Axioskop 2 plus; Carl Zeiss Co. Ltd. Oberkochen, BW, DE).
Tumor Xenografts
Nude mice were randomly divided into 2 groups (n ¼ 5 per group), and indicated CMM cells were inoculated into the inguinal folds of individual mice. Tumor volume was determined using an external caliper and calculated using the equation (L ÂW 2 )/2. The mice were sacrificed 31 days after inoculation and the tumors were excised.
Luciferase Assays
A total of 100 ng of pGL3-PLP2-3 0 UTR (wt/mu), or the control luciferase plasmid, along with 1 ng of pRL-TK renilla plasmid (Promega, E2241) were transfected into melanoma cells for 48 hours. Cells were lysed and luciferase activity was measured using the Dual Luciferase Reporter Assay Kit (Promega, E1960) according to the manufacturer's protocol. Three independent experiments were performed. The data are presented as mean AE standard deviation.
Flow Cytometry Analysis
Cells in ice-cold phosphate buffer saline were fixed by 100% ice-cold ethanol followed by treatment with RNAase (Sigma-Aldrich, 83931) at a final concentration of 2 mg/mL, and subsequently incubated at 378C for 30 minutes followed by incubation in 20 mg/mL of propidium iodide (Sigma-Aldrich, P4170) for 20 minutes at room temperature. Then, 50,000 cells were analyzed using a flow cytometer (FACSCalibur; BD Biosciences, San Diego, CA, USA).
Statistical Analysis
Student t test was used to evaluate the significant difference of 2 groups of data in all pertinent experiments. P value <0.05 (using a 2-tailed paired t test) was considered statistically significant.
RESULTS
Downregulation of MiR-664 Correlates With CMM Progression
We observed that miR-664 expression was significantly decreased in CMM tissues compared with normal human melanocytes (NHMs) and benign melanocytic naevi (BMN) ( Figure 1A ). To confirm this observation, real-time PCR analyses was performed that showed decreased expression of miR-664 in CMM cell lines, including A375.S2, A7, MeWo, RPMI-7951, SK-MEL-5, SK-MEL-24, and SK-MEL-28 cells, compared with NHM tissues and a PEMs cell line ( Figure 1B) . Furthermore, the downregulation of miR-664 has been identified in a previously published microarray-based high-throughput assessment of CMM cells (NCBI/GEO/GSE34460; Figure 1C) . Additionally, the expression of miR-664 significantly correlated with CMM patient survival (P < 0.05; Figure 1D ). We determined that the downregulated expression of miR-664 was closely associated with a shorter overall survival time (P < 0.05; Supplemental Table 1 , http:// links.lww.com/MD/A380), which suggests that low levels of miR-664 may contribute to the progression of CMM, and highlights the potential value of miR-664 as a predictive biomarker of disease outcome.
MiR-664 Upregulation Reduced Proliferation and Tumorigenicity in CMM Cells
Next, we aimed to investigate the biological role of miR-664 in CMM development and progression; therefore, we transfected A375.S2 and SK-MEL-28 CMM cell lines with an hsa-miR-664 mimic oligonucleotide and assessed its effect on cell proliferation. We observed that miR-664 overexpression dramatically decreased the growth rate of A375.S2 and SK-MEL-28 cells compared with NC-transfected cells by using MTT and colony formation assays (Figure 2A and B) . Furthermore, as indicated by a decrease in colony number and size, ectopically expressing miR-664 in both the CMM cell lines significantly reduced anchorageindependent growth ability ( Figure 2C ), suggesting that miR-664 upregulation could decrease the tumorigenicity of CMM cells in vitro. A BrdU incorporation assay was utilized to further explore the ability of miR-664 to reduce cell proliferation, and the results showed that the percentage of cells in S phase was dramatically decreased in A375.S2 (22.36%) and SK-MEL-28 (21.01%) cells overexpressing miR-664 compared with control cells A375.S2 cells (36.17%), SK-MEL-28 (34.61%); Figure 2D . Likewise, we further analyzed miR-664 overexpressing A375.S2 and SK-MEL-28 cells by flow cytometry. Our results showed a significant decrease in the percentage of cells in the S peak and an increase in the percentage of cells in the G1/G0 peak, which indicates that miR-664 induced G1/S arrest of CMM cells ( Figure 2E ). Together, our results suggest that a decline of CMM cell growth by miR-664 overexpression may be mediated through the regulation of cellular entry into the G1/S transitional phase.
Inhibition of MiR-664 Enhances the Growth Rate of CMM Cells
We further examined CMM cell proliferation after the downregulation of miR-664. As shown in Figure 3A and B, the growth rates of A375.S2 and SK-MEL-28 CMM cells following transfection with the hsa-miR-664 inhibitor increased compared with NC-transfected cells. In addition, inhibition of miR-664 in A375.S2 and SK-MEL-28 cells significantly induced anchorage-independent growth, which resulted in an increased number and size of colonies ( Figure 3C ). Moreover, we found that ectopic expression of the miR-664 inhibitor drastically decreased the percentage of CMM cells in the G0/G1 peak but increased the amount of cells in the S peak ( Figure 3D and E).
MiR-664 Upregulation Suppresses Tumorigenicity of CMM Cells In Vivo
To begin to understand whether miR-664 is involved in the tumorigenesis of CMM cells in vivo, we subcutaneously inoculated CMM cells into the inguinal folds of nude mice. Tumors formed in nude mice by miR-664-transduced CMM cells were noticeably smaller than the vector control tumors (Figure 4A and B). Therefore, these results validate that reintroduction of miR-664 into CMM cells could suppress tumorigenic behavior in vivo.
PLP2 Is a Direct Target of MiR-664 in CMM Cells
Western blot analysis revealed that the proliferative marker, proliferating cell nuclear antigen (PCNA), decreased in miR-664-transfected CMM cells and increased in miR-664-inhibited cells, further demonstrating that miR-664 plays an important role in the proliferation of CMM cells ( Figure 5B ). Importantly, analysis using publicly available algorithms (TargetScan, Pictar, and miRANDA) indicated that the expression of miR-664 was inversely correlated with the expression of PLP2, a proliferative protein in CMM. Furthermore, the ectopic expression of miR-664 in CMM cells decreased PLP2 protein expression and p-AKT, a downstream target of PLP2; however, the inhibition of miR-664 showed the contradictory results ( Figure 5B ). Additionally, we subcloned the 3 0 UTR of PLP2 that contained 2 miR-664-binding sites (REs; Figure 5A ) into the pEGFP-C3 and pGL3 dual luciferase reporter vectors. As shown in Figure 5C , ectopic expression of miR-664 in both A375.S2 and SK-MEL-28 CMM cells dramatically inhibited green fluorescent protein (GFP) protein expression, but not GFP-g-tubulin expression, which was used as a control for transfection efficiency, suggesting that miR-664 specifically affects the PLP2 3 0 UTR. Meanwhile, we observed a consistent and dose-dependent reduction of luciferase activity in both post-transfected miR-664 melanoma cell lines, which was abolished by the addition of the miR-664 inhibitor ( Figure 5D ). Moreover, point mutations in the tentative miR-664-binding sites abrogated the suppressive effect of PLP2 mediated by miR-664 ( Figure 5E ). In addition, statistical analysis demonstrated that miR-664 expression was inversely correlated with the expression of PLP2 (r ¼ À0.889, P < 0.001; Figure 5F ). Therefore, our results determine that PLP2 is a bona fide target of miR-664.
PLP2 Plays an Important Role in MiR-664-Suppressed Proliferation of Melanoma Cells
In the attempt to understand the role of PLP2 in miR-664-suppressed proliferation, we subcloned PLP2 with its 3 0 UTR (PLP2 w/3 0 UTR) or without its 3 0 UTR (PLP2 w/out 3 0 UTR) into the pSin vector. Our results showed that cotransfection of miR-664 and PLP2 w/out 3 0 UTR significantly enhanced PLP2 protein expression and the growth rate of A375.S2 and SK-MEL-28 melanoma cell lines ( Figure 6A and B) . However, the combination of PLP2 w/3 0 UTR and miR-664 in melanoma cells exhibited no obvious effect on PLP2 protein expression and the growth rate over that of CMM cells transfected only with miR-664 ( Figure 6A and B) . Furthermore, flow cytometry showed that the overexpression of miR-664 and PLP2 w/out 3 0 UTR increased the percentage of cells in S phase and significantly decreased the percentage of cells in G1/G0. However, the overexpression of miR-664 and PLP2 w/3 0 UTR did not increase the percentage of cells in S phase compared to CMM cells only transfected with miR-664 alone ( Figure 6C ). Taken together, these results demonstrate that miR-664 inhibits proliferation of melanoma cells through suppression of PLP2.
DISCUSSION
The current study has shown that the expression of miR-664 was significantly downregulated in CMM cells and tissues compared with BMN tissues. Furthermore, the progression of CMM was correlated with miR-664 expression. Moreover, we observed that the ectopic expression of miR-664 could diminish melanoma cell proliferation and anchorageindependent growth, whereas miR-664 inhibition enhanced proliferation and anchorage-independent growth in vitro and in vivo. Furthermore, we determined that miR-664 overexpression led to the increase of CDK inhibitor p21 in melanoma cells. Additionally, miR-664 overexpression resulted in a decrease of the cell-cycle regulator cyclin D1 in melanoma cells. These events occurred because of the downregulation of PLP2 via miR-664 directly targeting the 3 0 UTR. These findings suggest that miR-664 deregulation might play an important role in promoting carcinogenesis and progression of melanoma.
Epidemiological studies show that the incidence of CMM has increased at an alarming rate. From 1970 to 2009, the incidence of melanoma increased by 400% among young men and 800% among young women. 44 Furthermore, melanoma is 1 of only 3 cancers, along with liver and esophageal cancers, with an increasing mortality rate for men. 6 Although both environmental and genetic factors are considered to be principal causes of melanoma cancer, the molecular pathogenesis of its development and progression remain unclear. 45 Previous studies have demonstrated that the PI3K/AKT pathway is aberrantly regulated in approximately 70% of melanomas in vitro and in vivo. 46 Furthermore, previous studies have shown that the loss of PTEN or lossof-function mutations in PTEN result in PI3K/AKT pathway activation in melanoma cells. 15, 19 In addition, a previous study has shown that mutant B-Raf Proto-Oncogene, Serine/Threonine Kinase cooperates with the activation of the PI3K/AKT signaling pathway in melanomagenesis. 47 Recently, Ye et al 48 reported that decreased expression of PIB5PA contributed to increased activation of the PI3K/AKT pathway in melanoma cells. PLP2 is an integral membrane protein that can multimerize and may function as an ion channel. PLP2 has been reported to contribute to melanoma cell proliferation, adhesion, and invasion by binding specifically to PI3K to activate the AKT pathway. 33, 34 MiRNAs are a group of small noncoding RNAs that negatively regulate gene expression by binding to 3 0 UTR regions of target mRNAs to repress protein translation and induce mRNA degradation. MiRNAs play pivotal roles in multiple biological processes, such as cellular differentiation, proliferation, oncogenesis, angiogenesis, invasion, and metastasis and can function as either tumor suppressors or oncogenes. [35] [36] [37] [38] [39] [40] In the current study, we found that the downregulation of miR-664 may correlate with clinical CMM progression and could possibly function as a tumor-suppressor miRNA. Interestingly, expression level of miR-664 is frequently deregulated in various human tumor types, including hepatocellular carcinoma, prolactinoma, and papillary thyroid carcinoma. [41] [42] [43] We have indicated that the PLP2 gene is a theoretical target gene of miR-664 through bioinformatics analysis, and we determined that PLP2 was a bona fide target of miR-664 by triplicate experiments. We showed through Western blot analysis that overexpression of miR-664 resulted in downregulation of PLP2 protein. We also determined that downstream targets of PLP2, including p21, were significantly upregulated, whereas cyclin D1 was downregulated in miR-664-transfected CMM cells. Furthermore, we demonstrated that the downregulation of PLP2 was mediated by miR-664 through binding of the PLP2 3 0 UTR. Moreover, transfection with PLP2 w/out the 3 0 UTR significantly abrogated the miR-664-suppressed proliferation, but ectopic expression of PLP2 w/3 0 UTR only partially attenuated the decrease in proliferation by miR-664 overexpression, suggesting that the effect of miR-664 on proliferation of CMM cells may be through downregulation of PLP2 via direct targeting of the PLP2 3 0 UTR. Therefore, the biological function of miR-664 in triggering the suppression of melanoma cell proliferation, by way of PLP2 function, is currently under investigation in our laboratory.
Sustaining proliferative signaling is one of the hallmarks of cancer. 49 A growing number of miRNAs are reported to facilitate melanoma proliferation through regulation of the PI3K/AKT pathway. Restoration of miR-205 expression decreases AKT phosphorylation leading to decreased melanoma proliferation in vitro and in vivo. 50 Furthermore, ectopic expression of miR-221/222 in melanoma cells yielded an increased prolifer- ation rate by binding to the 3 0 UTR of PTEN. 51 Our study enriched these findings.
In summary, the current study provides, for the first time, an important link between miR-664-mediated proliferation of CMM cells and downregulation of PLP2. Our findings suggest an essential role for miR-664 in the regulation of CMM cell growth. Understanding the precise role played by miR-664 in CMM progression will not only increase our knowledge of tumor biology, but its inhibition may also allow development of novel therapeutic strategies.
